Pseudo-polyrotaxanes (PPRs) are supramolecular host-guest complexes constituted by the reversible threading of a macrocycle along a polymer chain, which offers potential applications in nanotechnology, drug delivery and biomaterials. We report the threading of cyclodextrins (CDs), cyclic oligosaccharides, onto X-shaped PEO-PPO block-copolymers, with two opposite presentation of their hydrophobic and hydrophilic blocks: Tetronic 904 (T904), and its reverse counterpart, Tetronic T90R4. We assess the effect of relative block position on the polymeric surfactants and cavity size of CD have on the composition, morphology, thermodynamics and kinetics of PPRs by using a combination of X-ray diffraction, Scanning Electron Microscopy (SEM), NMR, UV-Vis spectroscopy and Time- reveal an increase in the radius of gyration of the unimers over time, consistent with CD threading and expansion of the PPR. Above the CMT, α-CD threads the unimers to form the PPR, with no effect on the structure of T904 micelles, whose volume fraction decreases due to the shift of micellization equilibrium.
Introduction
Polyrotaxanes (PRs) are supramolecular mechanically interlocked structures in which a polymer, acting as a polytopic guest, threads a number of macrocycles (host) to form a "molecular necklace". 1 In a PR, the threaded rings, bound by non-covalent interactions, are confined to the polymeric chain by bulky terminal stoppers, allowing some sliding along the macromolecule but preventing its dethreading. In the absence of terminal stoppers, the resulting structure is called a pseudo-polyrotaxane (PPR): macrocycles are free to enter and escape the polymeric chain, according to the laws of chemical equilibrium and kinetics. 2, 3 The 2016 Nobel Prize in Chemistry, granted to Sir J. Fraser Stoddart for his work on "the design and synthesis of molecular machines", 4 mainly deals with the threading of macrocycles on an axle, which can then be "used for new materials, sensors, and energy storage systems". 5, 6 Thus, PRs and PPRs constitute the starting point of interesting supramolecular structures and are attractive building blocks for applications in the biomedical field [7] [8] [9] [10] and other technological fields, such as elastic binders for silicon microparticle anodes in lithium ion batteries, 11 solid polymer electrolytes (SPEs), 12 or hybrid and thermoresponsive aerogels, 13, 14 to mention just a few.
Most of the PRs and PPRs reported in the literature are produced with cyclodextrins (CDs), which are cyclic oligosaccharides formed by the association of several glucopyranose units in a toroid like arrangement. 15 The size of the cavity, which depends on the number of glucopyranoses (α-, β-, and γ-CDs, containing respectively 6, 7, and 8 glucose units)
determines the affinity for a specific polymer, 16 while the capacity to form hydrogen-bonds between adjacent CDs contributes to stabilize the resulting supramolecular structure, with a preferred orientation in a head-to-head and a tail-to-tail arrangements, given the toroidal shape of the CDs. 17, 18 Less regular configurations of threaded CDs, which lead to soluble PPRs, have also been reported recently. 19 The synthesis, characterization and mechanism of threading of PRs and PPRs based on CDs and different polymers, have been extensively reviewed in the literature, 2, 3, 20 as well as their potential applications in biomedicine, particularly in drug delivery, or biomaterials, such as hydrogels and scaffolds in tissue engineering. 9, 10, [21] [22] [23] The first PPR based on CDs was reported by Harada in 1990, 24 and obtained from the complexation of PEG and α-CD in water, with a composition of 2 ethylene oxide (EO) units per CD. Harada also established that the binding is very selective, depending on the type of CD and monomer: 1, 24, 25 α-CD only forms stable inclusion complexes with PEG, while the threading does not occur with polypropylene glycol (PPG); instead, β-and γ-CD form PPRs with PPG but not with PEG. 17, 18, 24 This geometrical selectivity based on the cavity size of CDs opens up interesting prospects with block copolymers, where only one of the two blocks can be accommodated by a given macrocycle. 26 A family of classic blockcopolymers that has been widely studied is poloxamers, better known by their commercial name of Pluronics® (BASF). Pluronics are linear polymeric surfactants with a PEO-PPO-PEO block structure. The number of PO and EO monomers that form the arms can be varied, offering a wide range of molecular weight and hydrophobic-lipophilic balance (HLB)
values. By controlling their concentration and temperature, Pluronics self-assemble into micelles and gels in aqueous media. [27] [28] [29] [30] [31] The interaction between native CDs and Pluronics leading to the formation of PRs and PPRs has been described in the literature. 32, 33 The substitution of the hydroxyl groups on the rims of the CD strongly modifies the aggregation behavior of the Pluronic micelles, depending on the specific nature of the substituents, [34] [35] [36] and the kinetics and mechanisms of the formation of the PPRs have been studied. [37] [38] [39] Specifically, the PRs formed with 2-hydroxypropyl β-CD and Pluronic have shown promise in the biomedical field for the treatment of Niemann-Pick disease. [40] [41] [42] Another type of block-copolymers of interest as guests for cyclodextrins is poloxamines, also known by their commercial name of Tetronic® (BASF). They present a 4-arm star shape, where each of the arms is made of PEO and PPO blocks connected by a central ethylene diamine spacer. Their pH-responsiveness due to the protonation of the central diamine group at acidic pH and their capacity to inhibit ATP-binding cassette transporters in cancer cell lines, responsible for multidrug resistance, 43, 44 in addition to other characteristics they share with Pluronics, like self-assembly and amphiphilic character, make
Tetronics a promising copolymer to be used in the formation of PPRs. There are very few studies on PPRs based on poloxamines, mostly by us [45] [46] [47] [48] and some other groups. 49, 50 In particular, the kinetics of PPRs formation with native CDs and the effect of temperature and aggregation state have not yet been studied.
Within this framework, we have investigated in this work the effect of: the type of cyclodextrin, the relative distribution of PEO and PPO blocks of the poloxamines, and temperature, on the structure of PPRs and the thermodynamics and kinetics of formation.
We have focused on the most soluble native CDs, α-and γ-CD, and two Tetronic surfactants, T904 and T90R4, which present a very similar PEO and PPO block length and composition but are the reverse structure from each other. While T904 has its PEO blocks as the external blocks, which makes it fairly hydrophilic and capable of forming micelles, T90R4 has its PPO blocks on the outside and does not micellize. The structure and morphology of the PPRs have been determined by X-ray diffraction and scanning electron microscopy (SEM), while their formation and composition have been studied by gravimetric analysis and NMR spectroscopy. A detailed kinetic analysis has been performed to study the effect of temperature, type of CD and Tetronic on the formation and subsequent aggregation of the PPRs, by using Time-Resolved SANS (TR-SANS) and UV-Vis spectroscopy, respectively.
Materials and Methods
Materials. Native cyclodextrins: α-cyclodextrin (≥98%) and γ-cyclodextrin (≥98%) (water contents of 10% for both CDs, as determined by TGA) were obtained from SigmaAldrich. Reverse Tetronic® 904 (T90R4) was purchased from Sigma-Aldrich, and
Tetronic® 904 (T904) was a gift from BASF (Ludwigshafen, Germany 
where AH1 and ACH3 are the areas of the signals from the outer H1 hydrogens of the CD and the methyl protons of the PO monomer of the Tetronic, respectively; n is the number of glucose units in the macrocycle (6 for α-and 8 for γ-CD); and NPO the number of PO monomers per arm (17 for T904 and 18 for T90R4 in each PPO block).
Kinetic analysis by UV-vis spectroscopy. UV-visible spectra were recorded on an Agilent 8453 diode array spectrophotometer (2 nm resolution). Samples were placed in 1 cm path-length quartz cuvettes with magnetic stirring and temperature control incorporated (± 0.1 ºC, Quantum Northwest TC 1 accessory). The conditions set were 400 nm wavelength, a stirring speed of 1200 rpm, and variable time intervals to sample over the reaction to produce a kinetic curve. The concentrations of CDs, T904 and T90R4 were adjusted in order to be in a regime where a PPR precipitate is eventually produced, based on the gravimetric experiments. Maximum working temperatures of 74 and 37 ºC were used in the cell for T904
and T90R4, respectively, below their cloud point (LCST).
X-ray diffraction (XRD)
. Solid PPRs were analyzed at room temperature by wide angle X-ray powder diffraction (XRD) in a Bruker D8 Advance diffractometer using the Cu Kα1 radiation from 2˚ to 80˚ (2θ), each 0.02˚ and 3 s per step. Solid samples were produced by sonication (Branson 2800 ultrasonic bath) according to the gravimetric and UV-vis data obtained previously. Once the reaction was complete, the mixtures were centrifuged at 20 ºC, during 30 minutes at 8000 rpm. The precipitate was then washed with 15 mL of water to remove the excess of CD. After centrifugation, the precipitate was frozen at -80 ºC for at least two hours and freeze-dried in a Telstar Cryodos lyophilizer.
Time-Resolved SANS (TR-SANS).
Kinetic SANS experiments were carried out on the 
Scanning Electron Microscopy (SEM). Surface morphology of the PPRs was examined with a desktop SEM (Phenom Pro microscope). Samples measured were those used for XRD
experiments but with an extra recrystallization of the precipitate with water instead of freezedrying. Prior to examination, samples were gold sputter-coated, with an 8 nm coating to render them electrically conductive. Images were acquired after 27 s of exposure time with resolution ≤ 10 nm. 
Results and Discussion

Evidence of pseudo-polyrotaxane formation
Yield and stoichiometry of pseudo-polyrotaxanes
The chemical equilibrium that is established between CD and Tetronic requires a high enough number of CDs to thread before subsequent aggregation and precipitation of the PPRs occurs. 8 The reaction yield of the reaction was obtained by gravimetric analysis, calculated as mass precipitate divided by the total mass of reactants ( Figure 3 ). In mixtures of T904 with α-CD, the precipitate is obtained above 4% CD, while with the reverse Tetronic, T90R4, the precipitate only appears above 8% CD, and gives lower yields ( Figure   3A ). In contrast, with the larger macrocycle, γ-CD, the precipitate is formed with both
Tetronics over the whole range of concentrations studied, although higher yields are obtained for the reverse T90R4 ( Figure 3B ). These results can be rationalized from the preferential complexation of α-CD with EO monomers, 32 and γ-CD with PO ones. 33 In the direct Tetronic structure (T904), the terminal PEO blocks are easily accessible to the α-CD, whereas in the reverse configuration (T90R4), the macrocycles must thread over the PPO blocks to preferentially localize on the PEO, 58 which may explain the lower PPR yields and the higher concentrations of α-CD needed to achieve complexation. In fact, the shift of the The composition of the PPRs, in terms of the number of threaded CDs per chain, can be determined by signal integration in 1D NMR spectra, as explained in Materials and Methods.
As a general trend, the number of threaded CDs increases with the concentration of the macrocycle (Figure 3 ), and at the highest concentration of CD studied (12%) the number of macrocycles per arm is nearly the same, around 10, for both α-and γ-CD. However, while in the case of α-CD this number seems to level off ( Figure 3C ), with γ-CD the number of CDs per arm is still increasing at 12% ( Figure 3D ). From these results, the percentage of Tetronic and CD that react can be quantified (SI, Figure 1 ). It is worth mentioning that a certain amount of Tetronic and CD, at least 10 and 40 % (in moles), respectively, do not take part in the insoluble PPR, in other words, the supernatant contains the soluble PPR along with unreacted CD and poloxamine.
Kinetics of PPRs formation
The self-aggregation of the PPRs produces insoluble crystalline complexes which makes turbidimetry (the loss of intensity of transmitted light due to scattering) a suitable method to monitor the reaction of complexation. [59] [60] [61] Figure 4 shows the kinetic profile for 5% α-or γ-CD with 1% Tetronic, characterized by a sigmoidal curve, in which different regions can be distinguished, according to Lo Nostro et al. 60 The first region, in which the absorbance is nearly zero, corresponds to the threading and sliding of the CDs onto the polymeric chain, characterized by a threading time, tth, or lapse required to record a detectable increment in the absorbance. 60, 62 Beyond this point, aggregation of the fully formed PPRs takes place and, as a result, the scattering increases quickly until the turbidity levels off.
The cavity size and the relative position of the blocks impact the kinetics of the PPR formation ( Figure 4 ). For example, with α-CD, important differences can be observed between T904 and T90R4. While the precipitate is rapidly formed with T904, no increase in absorbance occurs with T90R4, reflecting the lack of solid PPR formation under these conditions, as already established ( Figure 3A ). The cavity of this CD is small and thus can 
Effect of temperature and thermodynamics of PPRs formation
The rate of threading of cyclodextrins on polymer chains is known to be temperaturedependent. 60, 62 Increasing the temperature should favor the diffusion of both reactants and dethreading, while low temperatures usually promote the initial threading of the CDs through the polymer ends and the further sliding of the macrocycles, given the exothermic character of the CD complex formation. While the impact of the kinetics of complexation has been studied with linear polymers, PEG in particular, 60, 62 there are very few studies on the kinetics of threading on polymers with more complex architectures, 60 such as the poloxamines studied here. In this work, several parameters need to be considered: (i) the macrocycles have a preferential affinity for either one or the other block (α-CD for the PEO and γ-CD for the PPO); (ii) the direct Tetronic, T904, self-assembles into micelles above the CMC (1% wt at 35ºC); 48 (iii) the reverse Tetronic, T90R4 presents a LCST at a relatively low temperature (37 ºC). Due to this complexity, the reaction with T90R4 is studied between 10 and 35 ºC, while the complexation with T904 is considered over two distinct regions, covering unimers (10-30ºC) and micelles (35-50 ºC).
The corresponding kinetics were carried out over these temperature ranges with α-CD and γ-CD with both poloxamines, following the procedure described above. The threading times (tth) obtained are presented in Figure 5 . and T90R4 with 5% α-and γ-CD.
The thermodynamics of threading were studied using the theoretical framework described by Ceccato et al. 62 and Becheri et al. 63 for CD-based PPRs. Briefly, by applying the activated-complex theory and according to Eyring theory, where the PPR is produced as soon as the activated state is formed, the equation that connects the thermodynamic parameters with the threading time is: Table 1 and are discussed for each of the three reactions considered. 
Pseudo-polyrotaxane formation of γ-CD with T90R4 and T904
T90R4 has the PPO blocks on the exterior; since γ-CD mainly interacts with the PO groups, the threading of this macrocycle is kinetically favored. The kinetic profiles are shown in Figure 6A from 10 to 35 ºC. A small and linear decrease of the reaction rate with temperature is observed between 10 and 30 ºC, while at 35 ºC, tth is four times higher than at 30 ºC ( Figure 5 ), most likely due to the proximity of the cloud point, where the disappearance of T90R4 unimers is not only associated with complexation, but also with a phase transition. Plotting the data according to Eq. 2 gives a linear plot, which was used to study the thermodynamics of the reaction ( Figure 6B , Table 1 ). ΔH ≠ and ΔS ≠ values show that the overall process is exothermic, i.e., low temperatures promote the threading, and the entropy increases, resulting in a negative ΔG ≠ that reflects a spontaneous process over the temperature range studied, and practically independent on T. Given the affinity of γ-CD for PPO and considering that each γ-CD can lodge two POs, 11 PO groups would be complexed and 7 would remain exposed. Therefore, it seems unlikely that this CD can be threaded on the PEO blocks. The complexation of γ-CD with the direct Tetronic, T904 gives rise to a more complex scenario: 1) PPO constitutes the central part of the macromolecule, thus is less accessible;
2) T904 self-assembles into micelles, with a critical micellar temperature (CMT) of 35 ºC for 1% T904. 48 For this reason, a separate data treatment below and above the CMT is necessary. Focusing first on the unimer region, up to 30 ºC, the kinetic curves are qualitatively similar to the ones obtained with T90R4 (SI, Figure 3A ). The application of Eq. 2, using the calculated values of the number of CDs per arm of Tetronic ( Figure 3D ), yields negative ΔH ≠ and positive ΔS ≠ for the threading, as in T90R4 ( Table 1 ). The overall Gibbs energy is negative (spontaneous process) but lower than for the reverse poloxamine (Table 1 ) and with no temperature dependence. The threading is clearly slower (Figure 5 ), due to the fact that the γ-CD has to thread on the PEO blocks first before reaching the inner four PPO blocks. If we assume that the γ-CD is located mainly on the PPO blocks (18 PO per arm), with two PO units included in a single γ-CD, the coverage of each block is not complete (only 10 POs groups are covered) under the conditions of the reaction (1% poloxamine and 5% of CD), as found also with T90R4.
Above the CMT, the threading time decreases substantially ( Figure 5 ). The kinetic model rests upon the assumption of a single process taking place and it cannot be applied in this region, in which micelles coexist with unimers.
PPR formation of -CD with T90R4 and T904
With the reverse Tetronic, under the same conditions used with γ-CD (5% CD + 1% T90R4), no PPR formation was detected with α-CD, in agreement with Harada et al., 33 who first reported that α-CD does not complex with PO groups. However, working at a higher concentration (10% α-CD) produces a precipitate and the PPRs is formed with ca. 10 CDs per arm of Tetronic ( Figure 3C ). The kinetic profiles as a function of temperature are shown in SI, Figure 4 . Threading times are close to 10 min, with little effect of the temperature (SI, Figure 5 ), and in all cases, a break of the slope in the turbidity curves is observed above tth.
Overall, the curves diverge from the classic profile, probably reflecting a more complex threading process. It is clear, however, that by increasing the ratio of α-CD to polymer the reaction is forced to occur. The threading of α-CD through PPO blocks has been reported previously for Pluronics, where it is suggested that this CD only forms the PPR with the PEO blocks, while the PPO remains uncovered. 58 In our case, NMR studies show that there are 10 CDs threaded per arm of Tetronic ( Figure 3C ), meaning that α-CD is able to slide through both blocks to form the solid PPR.
With the direct poloxamine, T904, the kinetic curves show the classic profile (SI, Figure   3B ), but the trend of the threading time differs from -CD ( Figure 5) , decreasing above 25ºC.
Previous experiments have shown that the aggregation of Tetronics with temperature takes place in a gradual manner, 48 therefore, the presence of micelles at 25 and 30ºC (just below the CMT), cannot be discarded. We therefore focus here on the region up to 20ºC, far from the CMT, in which we can safely assume that the poloxamine is completely in the form of unimers. 48 Using the data treatment (Eq. 2), ΔH ≠ and ΔS ≠ are obtained (Table 1) , which confirm the exothermic and entropy-driven character of the PPR formation. In this case, ΔH ≠ values are significantly higher than those obtained with the wider macrocycle, in line with the higher affinity of the EO for the α-CD, compared to γ-CD and PO. For comparison purposes, the kinetics of α-CD with a linear polyethylene glycol (PEG1000), at a concentration equivalent to that of the PEO blocks in T904, has been studied (SI, Figure 6 ).
The reaction is significantly faster than with T904 ( Figure 5 ), due to the lack of steric effects and the higher diffusivity of the polymer due to its smaller size. Data analysis with the Eyring equation shows that temperature hinders PPR formation (Table 1) , as expected, and in agreement with literature data 60, [64] [65] [66] , but overall the process is more spontaneous than for the reaction between α-CD and T904.
Time-resolved SANS experiments (TR-SANS)
The results described above provide information on the kinetics of aggregation of the PPRs over relatively long times, after tth, rather than on the early stages corresponding to CDs threading onto the polymeric chains, since these do not give rise to turbidity. This stage can be studied conveniently by TR-SANS as the evolving neutron scattering patterns reflect variations in shape and/or size of the structures.
We focus first on the mixtures of -CD with T904 at 25ºC. Figure 7A shows the evolution of the scattering spectra over time. The overall intensity is very low, as it corresponds to the polymer in its unimer form, and the curves are quite noisy, due to the short exposure times used to capture changes at the beginning of the complexation. In previous investigations, a 4-arm star polymer model (4SP, see SI) has been successfully used to fit the scattering data from poloxamines pre-micellisation. 48, 67, 68 The same model was applied here, assuming that the shape of the PPR would not depart from this star structure upon threading of the macrocycle. With this assumption, the quadratic radius of gyration, Rg 2 , was extracted by fitting the data at each timeframe, shown as a function of time in Figure   7B . Despite the large errors at short times, a weak steady, linear increase in size over time can be observed, which is consistent with the expansion of the PPR as the CDs thread along the polymer arms. The description of the threading process of the CDs onto the polymer becomes more complex if the surfactant self-assembles into micelles, which is the case for T904 above the CMT, but with the benefit of a higher scattering and the consequent improvement of the signal-to-noise ratio. In this scenario, a competition is established between the threading of the macrocycle along the arms of the poloxamine and its self-aggregation. 37, 48, 53 We have considered the reaction of 1% T904 at 40 ºC, conditions in which the surfactant is aggregated and the scattering dominated by the micelles, 48 with 2.5% α-CD, which is below the threshold of formation of the insoluble PPR network (Figure 3 ), in order to avoid the scattering from large aggregates. Figure 8A shows the evolution of the scattering over time,
in which the diminution of the intensity unambiguously shows the break-up of the micelles by the action of the CD. In principle, it would be possible to analyze the data by considering the scattering from both the micelles and the evolving PPR (as a four-arm star polymer).
Such a combined model has been successfully applied in the study of complexes of CDs with smaller surfactants, such as TPGS or metallosurfactants. 53, 69 However, when comparing the scattering intensities shown in Figures 7A and 8A , it seems clear that the contribution of the free monomers is low, at a level similar to the background, which limits the application of this model. Hence, we have used a simplified approach which considers that there are mainly micelles in solution (core-shell spheres, CSS, see SI for details), thus neglecting the scattering from the unimers. The resulting fitted parameters are plotted in Figure 8 . We observe that the presence of the macrocycle does not affect significantly either the radius or the thickness of the micelles ( Figure 8B ), nor the sld of the shell ( Figure 8C ), while their volume fraction diminishes monotonically as the reaction proceeds ( Figure 8D ). From this evidence, we can hypothesize that neither the α-CD nor the forming PPR take part in the T904 micelles can be drawn. Hence, upon mixing both components, the CDs thread the free poloxamine unimers to form the PPR, thus shifting the micellization equilibrium, which leads to the drop in micellar fraction observed. 5.0x10 -6 5.1x10 -6 5.2x10 -6 5.3x10 -6 5.4x10 The effect of CD on the break-up of the micelles is more noticeable when a higher amount of CD is used. Figure 9A shows the SANS spectra for selected frames of the kinetics run with 4% α-CD/1% T904. The overall shape of the curve is fairly constant up to 6 min, which mark the onset of the formation of larger structures associated with the packing of the PPRs, and detected as an upward trend at low q. This is in accordance with turbidimetry experiments performed in D2O (SI, Figure 7 ). The analysis of the data must include in this case the contribution due to the scattering from the network, which can be modeled by a power law function (Porod exponent). It can be assumed that the micellar structural features are the same as those calculated for 1% T904, while the parameters that describe the scattering of the PPRs aggregates are the Porod exponent and the scale factor (CSS-PL model, see details in SI). The resulting fitted parameters calculated with this approach are shown in Figure 9B . The effect of the network formation appears as a sharp turnout in the scale at exactly 6 min, while the volume fraction of the micelles follows the opposite trend, yet smoother. At short times, the curve shows a slight diminution of the volume fraction of the micelles, which corresponds to a shift of the micellization equilibrium, as observed at a lower α-CD concentration (Figure 8) . Then, the volume fraction of the micelles drops quickly once the threading time (6 min) is reached. The aggregation of PPRs into large aggregates further shifts the equilibrium, quickly reducing the amount of unimers in solution, with the consequent reduction in micellar fraction. The different affinity of the CD for the two blocks has a direct impact on the kinetics of PPR formation (monitored by turbidimetry), due to the different presentation of these blocks on the two polymers. The kinetics of α-CD with T904 are much faster than with γ-CD, and no reaction (or a very slow one) is detected with T90R4, under the same conditions.
In contrast, with the larger γ-CD, a similar kinetics profile, yet slower than with α-CD, is observed for both Tetronics.
Kinetic experiments were carried out at different temperatures to obtain the thermodynamic parameters of the complexation, using the theoretical framework based on the Eyring theory, the threading times, and the number of threaded CDs obtained from turbidimetry and NMR. Below the CMT of T904 (35ºC) and LCST of T90R4 (37ºC) the surfactant is in its unimer form and the reaction is spontaneous in all cases, with negative enthalpies and positive entropies, most favored in the case of α-CD with T904 and γ-CD with T90R4, in line with the corresponding affinity of these CDs for PEO and PPO blocks, respectively.
In the case of T904, above the micellization temperature, an equilibrium exists between micellisation and the formation of the PPR which, however, precludes the application of the Eyring model. Instead, the kinetics can be monitored conveniently by time-resolved small angle neutron scattering (TR-SANS), which give new insights into the reaction mechanism.
In the case of the surfactants in the unimer form, TR-SANS reveal a slight increase in the radius of gyration of the polymer over time, consistent with the incorporation of the CDs onto the poloxamine arms and the subsequent expansion of the PPR. Above the CMT, the mixing of the micellized poloxamine and α-CD below the threshold concentration to form the precipitate leads to a reduction in the scattering intensity, which unambiguously shows the break-up of the micelles upon complexation with the macrocycle. Interestingly, the size and structure of the micelles do not change over time, but the micellar volume fraction decreases. This suggests that neither the α-CD nor the PPR take part in T904 micelles and, that upon mixing both components, the CDs thread the free poloxamine to form PPRs, thus shifting the micellization equilibrium. This is also valid above the threshold concentration, where the reaction accelerates, and the aggregation of PPRs (leading to the onset of turbidity)
shifts the micellar equilibrium, leading to a fast drop in the amount of unimers in solution,
with a consequent reduction in the micellar fraction.
